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Abstract 

Alkali activated materials (AAM) are inorganic materials, but in comparison to traditional mineral 
binders, they do not set through the hydration reaction, instead they rather require activation 
solutions such as mixtures of sodium/potassium silicate solution and sodium/potassium 
hydroxide. The main property of AAM solid precursor is the availability of the main constituing 
units that build up the new material after activation. In this work the thermal analysis of different 
solid precursors obtained by the sol-gel method was investigated. For the synthesis different 
alkoxides (tetraethoxy silane and aluminium-tri-sec-butoxide), chelators (ethyl acetoacetate) and 
salts (aluminium nitrate nonahydrate) were used. Sol-gel synthesis enabled the preparation of 
amorphous solid precursors of high chemical homogeneity, which resulted in AAMs with good 
properties. Through simultaneous differential thermal and thermogravimetric analysis and 
powder X-ray diffraction characterisation it was possible to determine which thermal treatment 
conditions are necessary to sufficiently remove the organic residuals without compromising the 
amorphous state of the precursors. The analysis of the subsequently formed crystalline phase 
corroborate well with the predictions and suggest favourable setting of AAM. 
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Sažetak 

Alkalno aktivirani materijali (AAM) su anorganski materijali koji u usporedbi s tradicionalnim 
mineralnim vezivima ne očvršćuju reakcijama hidratacije već zahtijevaju aktivacijske otopine, kao 
što su najčešće mješavine otopina natrijevog/kalijevog silikata i natrijeva/kalijeva hidroksida. 
Glavna svojstva čvrstog prekursora za AAM je dostupnost glavnih sastavnih jedinica koje grade 
novi materijal nakon aktiviranja. U ovom radu provedena je termička analiza različitih krutih 
prekursora dobivenih sol-gel metodom. Za sintezu korišteni su različiti alkoksidi (tetraetoksisilan 
i aluminij-tri-sek-butoksid), kelatori (etil acetoacetat) i soli (aluminijev nitrat nonahidrat). Sol-gel 
sinteza omogućuje pripremu amorfnih krutih prekursora visoke kemijske homogenosti, što je 
rezultiralo sa AAM sa zadovoljavajućim svojstvima. Istodobnom diferencijalnom termičkom i 
termogravimetrijskom analizom i rendgenskom difrakcijom utvrđeni su uvjeti termičke obrade 
potrebni za uklanjanje organskih zaostataka bez utjecaja na amorfnost prekursora. Analiza 
formirane kristalne faze nakon termičke obrade potkrepljuje predviđanja i sugerira povoljna 
svojstva AAM.  

Ključne riječi: Alkalno aktivirani materijali, Toplinska analiza, Sol-Gel metoda. 
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1. INTRODUCTION 

Development and research of new and environmentally less impactful materials that 
could replace ordinary Portland cement (OPC) is in the spotlight for the past three 
decades. Alkali activated materials (AAM) are a suitable candidate due to exploitation of 
different industrial wastes containing necessary components as building blocks for such 
materials while comparing the environmental impact of OPC production to the production 
of AAMs the CO2 emissions are about 50% less. [1] Even though some research indicate 
that materials with same or similar composition and application were utilized in ancient 
Egypt in construction of pyramids, the modern scientific research of such binders started 
in the early 20th century with little interest from researchers up until 1970’s when 
Glukhovsky and Davidovits made their pioneering research. [2,3]  

Glukhovsky based his research on different precursors of different composition for alkali 
activated materials while Davidovits coined a new term Geopolymer for materials 
composed of aluminosilicates without or with traces of calcium in aluminosilicate source 
and created nomenclature and defined chemistry behind such materials. [1] The 
chemistry of alkali activated materials is based on combining of so called activation 
solution, commonly concentrated aqueous mixtures of alkali hydroxide, silicate, 
carbonate or sulphate and aluminosilicate source (solid powdered form – “precursor”) 
which could be of natural origin or an industrial waste. In contrast to OPC alkali activated 
materials do not harden as a result of standard hydration reactions that are present in 
OPC but rather harden due to different mechanisms that depend on the type as well as 
chemical composition of solid precursors. [4] In low Ca content AAM reactions occur as a 
process of dissolution, rearrangement, condensation and resolidification in which the 
monomer species of Si and Al tetrahedron are engaged. These kind of species form 
oligomers which further polymerize into amorphous aluminosilicates which in the end 
from a aluminosilicate gel with a short range ordered structure resembling zeolites 
whereas high Ca content precursors in addition to AAM forming reactions have present 
hydration reactions which form C-S-H gel equivalent to the one in hardened OPC. [5]  

Common precursor for AAM is metakaolinite which is a thermally treated kaolinite clay 
at 500~800°C, rendering it disordered and partially dehydroxylated while avoiding 
mullite recrystallization. Alongside metakaolin different slags which are usually unused 
industrial wasted as well as human aluminosilicate waste are repurposed as AAM 
precursors. [6] The availability and type of monomers for building up structure of AAM is 
of utmost importance that is why sol-gel synthesis is optimal for achieving amorphous 
precursor with readily available species which are easily soluble in activation solutions 
and of controllable chemical composition. [7] 

In this work the thermal analysis of sol-gel derived precursors for alkali activated 
materials was carried out with a goal of finding optimal thermal treatment conditions to 
sufficiently remove the residuals which could hinder the AAM reactions, without 
compromising the amorphous state of the precursors. The XRD analysis was carried out 
on the subsequently formed crystalline phase, which corroborates well with the 
predictions of phases that could form from our precursors and could suggest favourable 
setting of AAM. 
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2. EXPERIMENTAL 

2.1. Synthesis 

Four types of Mullite composition precursors were synthesized via sol-gel method. The 
samples differed in synthesis approach for different precursors. For the T (single 
alkoxides) synthesis tetraethoxy silane (TEOS, 98 % Merck, Germany) was dissoluted in 
ethanol (ETOH,99 % Gram-mol, Croatia), while separately, aluminium nitrate 
nonahydrate (ANN, 98,5 % Kemika, Croatia) was dissoluted in ETOH and deionized water 
(H2O). ANN solution was slowly poured in TEOS solution, and the mixture was stirred and 
refluxed at 55°C for 2 days. For the TA synthesis (double alkoxides) TEOS was dissoluted 
in ETOH, stirred and refluxed for one hour. Separately, aluminium tri-sec-butoxide (ASB, 
97 % ACROS ORGANICS, USA) was dissoluted in ETOH and stirred 30 min at RT in closed 
reactor, and finally H2O was added. TEOS solution was slowly poured in ASB solution 
under vigorous stirring, and the mixture was stirred and refluxed at room temperature 
until gel formed. For the TAC synthesis (double alkoxides and chelator) TEOS was 
dissoluted in ETOH, and stirred one hour at RT in closed reactor. Separately, chelator 
(EAA, 99 % Acros organics, USA) was dissoluted in ETOH and stirred 30 min at RT in 
closed reactor, then ASB was slowly added under vigorous stirring and the mixture was 
stirred additionally for 30 min at RT in closed reactor, and finally H2O was added. TEOS 
solution was slowly poured in ASB-EAA solution under vigorous stirring, and the mixture 
was stirred and refluxed at RT until gel formed. Fourth synthesis, MAC synthesis 
employed the same conditions as TAC route with different Si/Al ratio. All molar quantities 
of chemicals used for synthesis of precursors are given in Table 1. 

 

Table 1. Sol-gel precursor quantities  

Synthesis 
type 

Molar ratio 

TEOS ANN ASB ETOH H2O 

T 1 1 - 9 4 

TA 1 - 1 9 4 

TAC 1 - 1 9 4 

MAC 1.5 - 1 9 4 

 

Attempt at creating one-part alkali activated material, powdered activated form which 
when mixed with water hardens, was conducted as described by Koloušek et al. [8]. 
Crystallized form of mullite precursor was homogenized with sodium hydroxide pellets 
(spec) for 30 minutes in a planetary mill in zirconia vessel and afterwards treated at 600 
°C for 2 h. 

1.1. Characterization 

The thermal behaviour of the powder precursor was characterized by Differential 
Thermal Analysis (DTA) and Thermo-Gravimetric Analysis (TGA) using the simultaneous 
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DTA/TGA analyser Netzsch STA 409. For the thermal analysis ~20 mg of material was 
placed in a Pt crucible and heated at a rate of 10° C min-1. 

After the homogenization of one part AAM, prepared powder was analysed by differential 
scanning calorimetry (DSC) using Linseis DSC PT 1600 in corundum crucibles while being 
heated at a rate of 10° C min-1. 

XRD patterns of prepared precursors were obtained with Shimadzu diffractometer 
XRD6000 with CuKα radiation and data were collected in a step scan mode of 5–70° 2θ 
with steps of 0.02° and counting time of 0.6 s.  

 

3.  RESULTS AND DISCUSSION 

3.1. Sol-gel synthesis 

First (T) synthesis was a failure, the sol achieved gel form only after 2 months. The results 
of second synthesis (TA) without chelator agent were also unsatisfactory. During the 
stirring the separation of 2 phases occurred after which the sample gelation occurred in 
two different phases. The sample was dried at 120 °C for 2 hours then further analysed. 
The third synthesis (TAC) resulted in homogeneous gel forming after mixing all of the 
solutions in next 10 to 15 minutes. Gel was dried at 120 °C for 2 hours then further 
analysed. MAC synthesis had the same properties and results as the TAC synthesis. 

3.2. Thermal analysis 

The results for simultaneous DTA/TGA analysis of sol-gel derived precursors are shown 
on Fig. 1. For all the samples present thermal effects and mass loss is similar. In the 
temperature range up to 200 °C the first peak around 50 °C is present due to heating onset 
artefact, the endothermic effects present on TA and TAC samples around 100 °C are the 
consequence of water evaporation, which do not exist in MAC sample as a result of 
carrying out thermal analysis soon after the drying of the gel was finished. The main mass 
loss followed by endothermic peaks in the range from 200 to 350 °C is directly caused by 
evaporation and burning of residual organic admixtures and components. Furthermore, 
no thermal effects or mass loss is evident in the range from 400 to 1000 °C while the 
exothermic peak at about 980 °C is directly associated to mullite crystallization, which is 
confirmed by XRD analysis (Fig 3.) For all the samples maximum mass loss was in the 
range from 30 to 45%.  

According to the results of thermal analysis of solid precursors the temperatures for 
treatment were chosen. Samples were annealed at 600 and 800 °C to achieve burning of 
the entire organic residue, while the samples treated at 600 °C stayed amorphous and lost 
the yellowish colour, the samples treated at 800 °C showed a formation of crystalline 
phases as well as agglomeration and sintering of powder particles which aggravates 
solubility of aluminosilicate precursors. 
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Figure 1. DTA/TGA analysis of three sol-gel derived precursors 

 

DSC analysis of one part AAM precursor was carried out to obtain and examine the 
temperatures at which the decomposition of mullite would be carried out as well as 
formation of reactive species, which then constitute AAM when mixed with water. 
Evidently at lower temperatures, up to 100 °C, evaporation of water occurs and in the 
range from 100 to 200 °C weak decomposition of aluminosilicate starts due to the alkali 
present in the mixture. Strong endothermic peak at 300 °C is a consequence of NaOH 
melting in the mixture while the immediate exothermic peak shows a formation of new 
phases. There were no more thermal effects up to 600 °C which is why this temperature 
was chose for treatment of alkali and mullite mixture. 
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Fig. 2. DSC analysis results for one-part precursor 

 



 

 

96 

3.3. X-ray Powder Diffraction 

XRD results show the amorphous nature of prepared precursors as is and annealed at 600 
°C (Fig 3.), which indicates a good precursor for AAM that requires lower energies to 
dissolve in activation solution and has greater number of active species which build up 
such materials while the organic residue is removed during the thermal treatment at 600 
°C. 
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Fig. 3. XRD results of untreated powdered and dried gels (bottom graph) and powders annealed at 
600 °C for 2h (top graph) 

 

In addition to treatment at 600 °C precursors were heated up to 1400 °C for 2 hours to 
achieve crystallization of preferred phase in our systems. As has been assumed due to the 
DTA analysis with exothermic peak at 980 °C the phase formed was mullite in all three 
different precursors, which was confirmed with XRD (Fig 4.). Using present device the 
resolution was not sufficient to detect possible additional mullite crystallisation at about 
1200 °C, thereof it was not possible to determine whether type Schneider type 1 mullite 
predominately crystallised or minor type 2 or possibly type 3 crystallisation were also 
present. Mullite formed in all of three precursors with different amount of crystallized 
and amorphous SiO2 in the form of cristobalite which could indicate a good or poor 
homogeneity of SiO2 and Al2O3 species. For MAC sample it is evident that there is still 
amorphous phase in the sample due to the amorphous hump between 15 and 30 2Θ ° 
which is a result of higher content of silicate source at the start of sol-gel synthesis. 
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Fig. 4. XRD results of sol-gel derived precursors treated at 1400 °C for 2h  

 

One part AAM was examined by XRD after thermal treatment and it showed a mixture of 
present phases such as oxides, sodium silicates and aluminosilicates. The results are not 
shown due to the high number of present phases and failed mechanical properties after 
mixing with water. 

 

4. CONCLUSIONS 

Sol-gel derived powders present a good choice as precursors for alkali activated 
materials. Thermal treatment at 600 °C, chosen from the results of DTA/TGA analysis, 
showed as a sufficient way of removing all organic residues and not effecting the 
amorphous nature of synthesized precursors. Phases that form after heating the samples 
at 1400 °C for 2 hours are mullite and cristobalite.  

Attempted one part AAM precursor showed no mechanical properties after being mixed 
with water. Different aluminosilicate and silicate phases formed after thermal treatment 
due to the mullite decomposition and reaction with NaOH. This kind of AAM preparation 
did not prove satisfactory thus the TAC and MAC precursors are chosen for further 
research. 
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